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Abstract 

Motivated by the recent HERA events which are consistent with a possible leptoquark 
interpretation, we discuss the prospects for including additional light colour triplets 
and anti-triplets in the spectrum of supersymmetric unified theories. We focus on 
a particular string-inspired Pati-Salam model, and propose a simple mechanism by 
which a light colour triplet of charge -1/3 plus anti-triplet of charge 1/3, may have a 
mass of order 200 GeV, with one of the new states having leptoquark couplings and 
with proton decay suppressed. We also discuss possible scenarios for gauge unification 
in such a model. 
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The recent HERA events |l|, H have been followed by much theoretical speculation 
about leptoquarks 0. If we accept that the excess of events reported at high - is not 
a statistical fluctuation and future runs confirm their existence, it is clear that they are 
suggestive of new physics beyond the standard model (SM). In particular, assuming that 
the events occur at the s-channel, then the observed peak at definite large x-values is a 
distribution which corresponds to a mass determination of order 0(200) GeV. The various 
theoretical explanations include contact interactions, R- parity violation and leptoquarks. 
In this letter, prompted by the above experimental findings at HERA, we discuss the 
prospects for incorporating leptoquarks into supersymmetric unified models. Q 

A). To set the notation we first present the R-parity conserving superpotential in the 
MSSM: 

W = Aigu'^/ia + Aagc/^/^i + X^iie^hi + A40o/ii/i2 (1) 

where q = {u,d) = (3,2,i), = (3, 1, -f ), d" = (3, 1, i), £ = (z/, e) = (1,2,-|), and 
e'^ = (1, 1, 1) are the left-handed quark and lepton superfields which transform under the 
standard model gauge group as shown and hi^2 the standard higgses. (po is a singlet which 
realises the higgs mixing.[| In addition, one may add the following interactions 

W' = X^iie" + Xeigd"" + Xru'^d'^d" + Xs(j)oh2i (2) 

When both As^e couplings are present, there are graphs mediated by the scalar partners 

which lead to lepton number violation. On the other hand, the coexistence of Xqj couplings 

leads to fast proton decay, unless the couplings are unnaturally small |p. A natural way 

to avoid such problematic couplings is to impose R-parity which forbids all the terms in 

^By leptoquarks we mean light colour triplets with Icptoquark couplings. The introduction such states 

might be expected to destroy the unification of the three gauge couplings, however there are various ways 

to remedy this as discussed later. See also 

^ This is actually the next-to-minimal supersymmetric standard model (NMSSM). In the MSSM Higgs 

mixing is achieved by a ^ft.i/i2 coupling. 
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(@), unless initial conditions on the couplings at the unification scale are assumed in order 
to allow only the desired terms at low energy (see for example [^). Henceforth we shall 
assume such an R-parity, and turn instead to the possibility of leptoquarks. 

Assuming the existence of light leptoquarks the basic question we wish to address is 
how they might naturally be incorporated within the framework of supersymmetric unified 
models. From this point of view leptoquarks correspond to new coloured states which 
are remnants of representations of a higher symmetry. For example in the context of a 
non-supersymmetric SU{5) theory additional light states Q = (3,2, |) and Q = (3,2, — |) 
contained in the 10 + 10 were introduced to adjust the wrong prediction of sin^ 6w 0. 
However tremendous fine-tuning is necessary to split apart the light Q state from the 
remaining components of the 10 which must remain superheavy. This is similar to the 
problem of splitting the Higgs doublet from the Higgs colour triplet in the 5 of SU (5). From 
this example it would seem that light leptoquarks only serve to exacerbate the doublet- 
triplet splitting problem present in unified models, supersymmetric or not. However, as we 
shall see in the next section, there is a natural way to obtain a pair of light leptoquarks in 
supersymmetric unified models without any fine-tuning. 

A further candidate for a light leptoquark, common to all grand unified models, are new 
left-handed representations D'^ = (3, 1, |) and = (3, 1, — |) where D'^ has the quantum 
numbers of the down quark singlet d'^. There are two types of couplings which can exist in 
the low energy superpotential. These are, 

Wi = Aggg^' + AioM'rf'^D' (3) 

W2 = AiiD V + Aia^'w'e^ + Aia^'rfV^ (4) 

where we have assumed that u'^ is the right handed neutrino. In order to avoid proton 
decay problems, with a suitable discrete symmetry we may prevent one of Wi, W2. There 
are other exciting possibilities of exotic quark states P, |^, which create couplings that 
might interpret the HERA data. Thus, states like those described above, offer interesting 
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possibilities for new phenomenology. Since all of these new states carry colour, the new 
couplings should not lead to fast proton decay. In particular, symmetries imposed by 
hand in the above superpotential pieces are not always consistent with the unified gauge 
symmetry. 

B). After these rather general considerations we now specialise to a particular model 
in which it is possible to have light leptoquarks without inducing excessive proton decay, 
and to achieve this in a natural way without any fine tuning. This is the string-inspired 
Pati-Salam model |10|- Here we briefly summarise the parts of the model which are 
relevant for our analysis. The gauge group is, 

Gps = SU(4) ® SU(2)^ ® SU(2)^. (5) 

The left-handed quarks and leptons are accommodated in the representations 

F = (4,2,l) = (g,/) 

F = (4,1,2) = «rf^i/^e'^) 

The MSSM Higgs fields are contained in the following representations. 



/^a = (1,2,2) 



(6) 



Under the symmetry breaking in Eq.|TO|, the Higgs field h in Eq.^ splits into two Higgs 
doublets hi, h2 whose neutral components subsequently develop weak scale VEVs, 

< hi >= vi, < hi >= V2 (7) 

with tan/3 = V2/V1. The spectrum of the model is completed with four singlets ip,4>i, 
i = 1,2,3 where < ip >^ fi realises the higgs mixing and (pi mix with the right handed 



neutrinos and participate in the higgs mechanism • 
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The Pati-Salam gauge symmetry is broken at the scale Mps by the following Higgs 
representations 

H = (4,l,2) = («^,(i^,i.|„el,) 

H = (4,l,2) = («^,(il,i>|„e^) (8) 
The neutral components of the Higgs fields are assumed to develop VEVs 

< y\ >=< 4 >^ Mps, (9) 
leading to the symmetry breaking at Mps'- 

Gps ^ SU(3)c®SU(2)^®U(l)y (10) 

in the usual notation. 

The high energy Higgs mechanism removes the if, H components w^, e^, w^, from 
the physical spectrum (half of these states get eaten by the heavy gauge bosons and gauginos 
and the other half will become massive Higgs bosons), leaving massless djj,djj. In order to 
give these states a large mass one introduces a colour sextet superfield 

L>6=(6,l,l) = (L'^i5^), 

where as before D"^ = (3, 1, |) and D'^ — (3, 1, — |). We take the gauge invariant superpo- 
tential to have the form (dropping all coupling constants) 

W422 ~ FFh + FH(f)i + ip{hh + (f)i(f)j + DeD6 + HH) 

+ FFD6 + FFD6 + HHD6 + HHDe (11) 

Now, the way the colour triplets receive superheavy masses is the following. Remember first 
that the decomposition of the sextet gives an antitriplet /triplet pair (D^ D'^ + D'^). On 
the other hand H, H fields contain also another such pair with the same quantum numbers: 
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djj, djj. To break the SU (4) x SU (2)/j the H, H fields acquire vevs of 0{Mps)- Then from 
the terms of the second fine in ([TT| ) one gets the following two mass terms 

<H> HDe+ <H> HDq ^< f^n > dnD^^ < > duD'^ (12) 

From the point of view of proton decay the most dangerous colour triplets are those 
contained in the heavy sextet field D^. This is because of the terms in the second line 
of the superpotential which mix the families with them. Indeed, the following dangerous 
combinations of couplings appear 

FFDq XgqqD" + XuqiD^ (13) 
FFDe Xiou^d^D^ + Xi2u''e^D^ + Xrsd^D^u^ (14) 

On the right hand side of the above equations we have inserted the same couplings used 
in equs(^^ in order to emphasise the way that GUT models in general lead to couplings 
which can potentially generate proton decay. 

C) . The question we now ask is: can we somehow have a light colour triplet plus anti- 
triplet without inducing excessive proton decay? At first sight this would seem unlikely due 
to the dimension-5 operators generated by the colour triplet exchange diagrams in Figs. 1,2. 

Note that the dimension-5 proton decay diagrams rely on the mass mixing of the 
and colour triplets, which is controlled by the term ipD^D^ in the superpotential whose 
adjustable coupling strength will dictate the proton decay rate. However there are also 
dimension-6 proton decay diagrams which do not involve the chirality-fiipping mass mix- 
ing, which involve the exchange of D'^ or D'^ only. Physically the dimension-5 operators 
correspond to spin-1/2 exchange, while the dimension-6 operators correspond to spin-0 
exchange. 

Let us first assume the existence of a symmetry which prevents the appearance of the 
term FFDq. However, this is not enough to prevent proton decay since FFDq contains 
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Figure 1: A dimension-5 proton decay operator generated from terms in the operator 
FFDe. 




Figure 2: A dimension-5 proton decay operator generated from terms in the operator 
FFDq. 
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two operators which are combined to a proton decay Feynman graph in Fig.l. However we 
observe that if in addition one of the colour triplets or D'^ were to remain heavy, then 
fast proton decay would be avoided at least at the dimension-5 level. How could this be 
achieved? The crucial observation is that the mass states in ([T^) are formed between djjD'^ 
and djjD'^. Thus if we extend the symmetry to forbid the term HHDq then there is only one 
allowed mass term for the two triplet pairs, namely < vh > d'jjD'^. When supersymmetry 
breaking takes place, the scalar part of the other pair receives a {massY ~ ""^L/t i-^-, of 
the order of the supersymmetry breaking scale. Thus fast proton decay is avoided, and a 
phenomenologically interesting light colour triplet D'^ and colour anti-triplet c?^ pair occur 
in the spectrum. 

Clearly, the general requirement is that one of the two operators FFDq or FFDq 
is forbidden and in addition one of the operators HHDq or HHDq is forbidden by the 
unspecified symmetry. What is the origin of such a symmetry? A situation typical of 
string constructions is to have a gauge group Gps x f/(l) where the various matter and 
higgs multiplets carry charges Q'^ under the U{1) symmetry. As an example, if we assume 



the charges Q'^ = Q'h = -3Q'^ = -?,Q'^ = -3/2 and Q'^ = Q'^^ = -Q'^,^ = -Q'J2 = 1, 



ban the terms HHDq, FFDq as well as the mixings ip{HH + DqDq). Similarly, making a 
different choice of the Q[s, we may ban the terms HHDq, FFDq. 

V). Babu et al [§, observed that there are new kinds of colour particles which can 
distinguish between pe^ and pe~ modes at HERA. In particular in addition to the D'^, 
fields considered above they also suggest the following SM representations. 



These states have exotic charges. Both of them can be accommodated in representations 
of our gauge symmetry group. Indeed, assume the decomposition of the representation 



W=(3,l,^ 



), ^ = (3,2, 



7 
6 



(15) 



S= (15,2,2). 



i: = g + g + u + u + Q' + Q' + h' + h' + {8,2)i + {8, 2)_i . 



(16) 
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However, if we stick to string motivated scenarios at A; = 1 level ||TlI], these representations 
are not possible since they only arise in the adjoint of SU (4). Of course, at A; = 2 Kac-Mody 
level they are possible. As an alternative, we may consider that such states may arise as 
bound states of smaller representations which bind together due to their properties under 



a hidden symmetry ||12||, however, in this letter we will not elaborate this further. 

S) We now briefly discuss the problem of unification. It is known that the particle 
content of the MSSM allows the three gauge couplings to attain a common value at a high 
scale, of the order ~ lO^^GeV. The introduction of massless states beyond those of 
the minimal spectrum change drastically the evolution of the gauge couplings. Thus, if 
we assume the existence of new (types of) quarks remaining massless down to the weak 
scale, in order that the idea of unification remains intact at some high scale additional 
contibutions to the beta functions are needed to compensate for the leptoquark pair and 
yield a correct prediction for the weak mixing angle. It is clear that if a colour triplet plus 
anti-triplet pair remains in the massless spectum this will alter both the unification scale 
and sin^ 9\y. In the context of the present model, we desire gauge unification at the string 
scale, rather than at Mu, so some modification to the spectrum is required in any case. 
A complete exhaustive study is clearly required to determine all possible solutions to the 
unification question in this model. 

Perhaps the simplest unification scenario is one in which we introduce in addition to the 
D^+d^j or D'^+djj pair a further pair of Higgs doublets at low energies contained in an extra 
h' = (1,2,2) (or perhaps (1,2,2) ) representation of the Pati-Salam group. Then the low 
energy spectrum contains an extra two Higgs doublets h'^ih^ giving four Higgs doublets 
in total. This would clearly have important implications for the electroweak symmetry 
breaking sector, which would be interesting to explore. The low energy spectrum would 
then contain in addition to the MSSM spectrum, extra states with the quantum numbers 
of an SU (5) 5 + 5 vector representation, and gauge unification is achieved in the usual way 
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at around 10^^ GeV. If this scale is identified with the Pati-Salam breaking scale Mps then 
it is possible to maintain the equality of the coupling constants right up to the string scale 



by the addition of suitable extra heavy Pati-Salam representations |]13 . 

To summarise, motivated by a possible leptoquark interpretation of the HERA events, 
we have discussed the prospects for including additional light colour triplets and anti- 
triplets in the low energy spectrum of unified models. We have proposed a specific string- 
inspired Pati-Salam model which contains a mechanism for allowing low energy states which 
have leptoquark couplings, without inducing excessive proton decay, and outlined the kind 
of string symmetries which will forbid the correct combination of operators to allow this. 
There are two possible scenarios: 

(1) HHDq allowed {HRD^^ forbidden) leading to a light + d^, 

(2) HHDq allowed ( HHDq forbidden) leading to a light + d%. 

In each case unification may be achieved with four low energy Higgs doublets, and in 
each case the proton decay constraint allows one of two possible options for the leptoquark 
couplings: 

(A) FFD^ allowed {FFD^ forbidden ) with couplings X^qqD" + XuqlD", 

(B) FFDq allowed {FFDq forbidden ) with couplings \iQU^d''D^+\i2u''e''D^+\i:id^D^u^ . 

Possibility (IB) involves a light leptoquark coupling \i2U^e'^D'^, while possibility (2A) in- 
volves a light leptoquark coupling XuqiD'^. Clearly future HERA runs with electron/positron 
polarisers will decide which of these two operators is the relevant one. So far our discus- 
sion has been independent of family indices. Assuming HERA confirms the anomaly, and 
distinguishes between the two operators, then the task of theory will be to construct a com- 
plete theory of flavour along these lines. The main point of the present paper is to show 
that light leptoquarks may be elegantly incorporated into string-inspired supersymmetric 
unified models. 
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